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DOI: 10.1039/c1ce05622kA novel infinite 1D Ag(I)-abn ladder, [nds3Ag2(abn)4]n (1, H2nds¼
1,5-naphthalenedisulfonic acid, abn ¼ 4-aminobenzonitrile), was
synthesized based on a nds anionic template which was encapsulated
in the 1D ladder through N–H/O hydrogen bonds and weak
C–H/p interactions. In contrast, using X [X ¼ NO3 (2), ClO4
(3), PF6
 (4), CF3COO
 (5)] as counteranions, four 2D wavy 63-hcb
nets (2–5) were obtained, which unambiguously indicates that nds
anion plays the role of template in the formation of 1. The photo-
luminescence behaviour of 1–5 were also discussed.In recent decades, the rational design and synthesis of metal–organic
coordination networks have attracted intense attention from chemists
owing to their fascinating structures and interesting properties.1
Traditional synthetic methodology mainly relates to imaginatively
designed polytopic organic linkers and metal ions (especially transi-
tion metal ions) which interacted with each other to form strong
coordination bonds directing the formation of diverse metal–organic
coordination networks.2 During some assembly processes, some
specific guest molecules,3 anions4 and cations5 have been found to
favor a desired supramolecular entity. These encapsulated species are
commonly referred to as templates which can dictate the course of the
thermodynamic or kinetic assembly process. Around the template,
the combination of metal ion and ligand assembles in a special way
which would not happen in the absence of the template. The directing
effect of the template generally originates from van der Waals forces,
hydrogen bonds, C–H/p, anion/p, cation/p and/or p/p
stacking.6 In contrast to the widespread use of inorganic anion









,2,7 the use of organic anions as templates
is still a comparatively young area in this field.8 The coordination
chemistry of arenedisulfonate, especially Ag(I) arenedisulfonate, has
remained underdeveloped due to its poor coordination ability.9 OnState Key Laboratory of Physical Chemistry of Solid Surface and
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This journal is ª The Royal Society of Chemistry 2011the other hand, although the abn (4-aminobenzonitrile) ligand has
diverse coordination preferences such as monodentate (albeit ambi-
dentately using eitherNamino orNcyano), bridging or bidentate fashion
(using both N donors),10 coordination chemistry of it was still less
reported because both Namino and Ncyano atoms of abn ligand are
weak coordinative sites, and the cyano group is volatile in both acidic
and alkaline environments.11
Sparked by the above points and our recent studies on Ag(I) mixed
ligand coordination polymers (CPs),12we disclosed an unprecedented
arenedisulfonate-templated 1D infinite Ag(I) ladder chain, [nds3A-
g2(abn)4]n (1, H2nds ¼ 1,5-naphthalenedisulfonic acid, abn ¼ 4-
aminobenzonitrile), in which arenedisulfonate anions were embedded
through N–H/O hydrogen bonds and weak C–H/p interactions





 afforded four template-
free wavy 2D 63-hcb coordination nets, namely, [Ag(abn)2$X]n,
X ¼ NO3 (2), ClO4 (3), PF6 (4), CF3COO (5).
Colorless crystals of complex 1 were readily synthesized via reac-
tion of Ag2O, abn and H2nds$4H2O (molar ratio ¼ 1 : 2 : 2) in
methanol–ethanol (v : v ¼ 3 : 2) under the ultrasonic condition
(see ESI†). Phase purity of 1 is sustained by its powder X-ray
diffraction pattern, which is consistent with that simulated on the
basis of the single-crystal X-ray diffraction data (Fig. S1†). The
dissimilarities in intensity may be due to the preferred orientation of
the crystalline powder samples. In the IR spectrum of complex 1, the
characteristic vibrations of nas(SO3
) are at 1205, 1176 and
1161 cm1, whereas the ns(SO3
) absorption is at 1045 cm1. The
cyano group stretching vibration is at 2213 cm1 and the asymmetric
and symmetric stretching bands of amino group are at 3477 andScheme 1 Schematic drawing of the 1D ladder templated by non-
coordinated nds.
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View Online3371 cm1, respectively (Fig. S2†). These results are in good agree-
ment with the crystal structure of 1.
X-Ray structure analysis† of crystalline 1 reveals that it crystallizes
in the P1 space groupx and there are one Ag(I) ion, two crystallo-
graphically independent abn ligands (denoted as abn-1 and abn-2 as
shown in Scheme 1, respectively) and half an nds in the asymmetric
unit. Analysis of the local symmetry shows that the nds locates on the
crystallographic inversion center. As shown in Fig. 1, the Ag1 is
located in a tetrahedral geometry and coordinated by four N atoms
(two Namino and two Ncyano) from four different abn ligands. The
distortion of the tetrahedron can be indicated by the calculated value
of the s4 parameter,13 which is 0.76 for Ag1 (for a perfect square-
planar geometry, s4 equals 0; a perfect tetrahedral geometry is
described when s4 equals 1), showing the tetrahedral geometry is not
perfect but distorted, where the distortion is in part due to the
inherent lack of crystal field stabilization energy that arises from
a spherical d10 electronic configuration.14 The Ag–N bond lengths
range from 2.253(2) to 2.447(2) A, which are well-matched to those
observed in similar complexes.15
Two symmetry-related abn-1 ligands are oppositely arranged and
adopt a m2
N,N’ coordination mode to bind two Ag(I) ions to form
a [Ag2(abn-1)2] subunit which is bridged by syn–syn abn-2 ligand to
form an infinite ladder (Fig. 2) containing parallelogram grids
(dimensions 9.61  10.48 A based on Ag/Ag distances). Notably,
two symmetry-relatedAg1 ions locate at the samesideof abn-2 ligand.
The distances between the plane formed by phenyl ring of abn-2 and
Ag1 are 1.91 and 0.12 A, respectively. The nds acts as not only
a charge-compensating guest to keep the whole CP’s charge neutral,
but also a guest to fill the voids of the 1D ladder. PLATON16 calcu-
lation suggested that the resulting effective free volume, after removal
of encapsulated nds, was 36.8% of the crystal volume (361.5A3 out of
the 981.1 A3 unit cell volume). It is noteworthy that the nds does not
interact with any Ag(I) center and is encapsulated in the 1D ladder
through noncovalent interactions, such as the N–H/O hydrogen
bond and aweakC–H/p interaction. In detail, nds was anchored to
thehost 1D ladderby theN2–H2C/O2i (2.905(2)A)hydrogenbond.
Additionally, twokinds ofweakC–H/p interactions (H/Cg¼ 3.14
and3.11A,Fig. S3†) involving thenaphthyl ofndsandphenyl of abn-
2 contribute to the stability of the nds in the grid.Fig. 1 The coordination environment of Ag center in 1 with the thermal
ellipsoids at 50% probability level. (Symmetry codes: (i) x + 1/2,y + 1/2,
z  1/2; (ii) x + 1, y + 1, z + 1; (vi) x, y, z.)
5662 | CrystEngComm, 2011, 13, 5661–5665The formation of the 1D ladder reminds us of the template effect of
nds. With few exceptions, known anionic template directed coordi-
nation networks usually related to simple inorganic anions,17 and
organic anion templates18 are very hard to access which may be
caused by their variable shapes and sizes. As we know, two elegant
examples of the organic anion template directed self-assembly were
reported by Fujita and co-workers.8a,b They showed that one Pd(II)
coordination cage and nanotube were templated by 4-methoxy-
phenylacetate and rodlike 4,40-biphenylenedicarboxylate, respec-
tively, which were encapsulated in the host by not only electrostatic
interactions, but alsop/p stacking andC–H/p interactions. From
the above two examples, we can see that the organic anionic template
has potential to generate richer noncovalent interactions than
a simple inorganic anion.
The template effect of nds for the assembly of the 1D ladder was





 (5) as anions
(Fig. 3 and 4). That is to say, remarkable structural dissimilarities in
the presence and in the absence of template nds were exhibited. Due
to the structural resemblance of 2–5, only complex 2 was selected as
a representative example to describe here in detail. Complex 2, [Ag
(abn)2$NO3]n, crystallized in monoclinic P2(1)/n space group with
one Ag(I) ion, two crystallographically unique abn ligands (also
denoted as abn-1 and abn-2, respectively) and one NO3
 in the
asymmetric unit (Fig. 3a). The coordination environment of Ag1 is
similar to that in 1 and the s4 parameter is 0.79. The [Ag2(abn-1)2]
subunit in 2 is also similar to that in 1. Differently, the abn-2 in 2 is
a syn–anti bidentate bridging ligand, so its amino group links the Ag
(I) ion far away from the [Ag2(abn-1)2] subunit, as a result, no cyclic
[Ag4(abn)6] subunit like in 1 could be formed, giving 2 a 2D network
(Fig. 3b). The NO3
 anions are non-coordinating and reside in the
2D sheet through the hydrogen bonds. To better understand the
structure of 2, the topological analysis approach is used. This net
contains one type of node (Ag1 ions) and one type of linker (abn). In
2, Ag1 ions as 3-connected nodes are bridged by an abn linker, so the
2D net can be simplified to be a 63-hcb net (Fig. 3c and d).
The differences between 1 and 2–5 are unambiguously associated
with the template effect of nds. Compared to a small inorganic anion,
nds is a versatile organic anion containing a larger amount of
‘‘templating information’’ because of its conjugated p-system and
hydrogen bond acceptors. In 1, nds inserted the grid of the 1D,
inducing the phenyl ring of abn ligand to be perpendicular to its
naphthyl ring, which not only geometrically favors the formation of
the C–H/p interaction, but also facilitates the abn-2 ligand to
complete the closure of the cyclic [Ag4(abn)6] subunit. Consequently,
the whole 1D ladder structure of 1 was accomplished. For 2–5,




 and rodlike CF3COO

This journal is ª The Royal Society of Chemistry 2011
Fig. 3 (a) The coordination environment of Ag center in complex 2 with
the thermal ellipsoids at 50% probability level. (b) The ball-and-stick view
of 2D sheet of complex 2. (c) Simplified irregular 63-hcb net viewed along
the a axis. (d) Simplified 63-hcb net viewed along the c axis. (Symmetry
codes: (i) x + 1/2, y + 1/2, z  1/2; (ii) x + 1, y + 1, z + 1.)
Fig. 4 The coordination environment of Ag center in complex 3 (a), 4
(b), 5 (c). (Symmetry codes: (i) x, y + 3/2, z  1/2; (ii) x + 1, y + 1,
z + 1 for 3; (i)x + 1,y + 1,z + 1; (ii) x 1/2,y + 3/2, z 1/2 for 4;




























































View Onlinecan also form hydrogen bonds with the host, the coordination
orientation of abn ligand is out of control due to the lack of C–H/p
interactions, which gives 2–5 the 2D wavy 63-hcb net. These results
suggest that nds not only simply resides in the grid to minimize the
void, but also exerts an important influence on the coordination
orientation of abn. Due to the resemblance of the [Ag2(abn-1)2]
subunit in 1 and 2, the coordination orientation of abn-2 principally
determines the assembly outcome. Notably, the dihedral angle
between the planes formed by abn-1 and abn-2 in 1 and 2 are 80.2
and 32.6, respectively. The larger dihedral angle in 1 is caused by the
inducing effect of the nds anion through a C–H/p interaction,
which unambiguously indicates the templating effect of the nds
anion. However, this ‘‘dual’’ role of the nds anion was not observed
for these small inorganic anions in 2–5.
To determine the thermostability of the 1D ladder structure, we
investigated the thermal decomposition processes by a TGA experi-
ment which was performed in N2 atmosphere on polycrystallineThis journal is ª The Royal Society of Chemistry 2011sample of complex 1 and the TG curve is shown in Fig. S4†. The TG
curve of 1 shows the first weight loss of 30.06% in the temperature
range of 135–235 C, which indicates the loss of guest nds (calcd:
29.37%). The 1D ladder began to decompose at 290 Cwith losses of
abn ligands (obsd: 48.88% and calcd: 48.49%).
The photoluminescence spectra of 1–5 as well as ligands were
measured in solid state at room temperature. As shown in Fig. 5, the
free H2nds$4H2O and abn ligands display the maximum emission at
410 and 357 nm, respectively. Excitation of solid sample 1 at 360 nm
produces emission with a maximum at approximately 408 nm, which
is similar to that of H2nds$4H2O, so the emission of 1 can be
tentatively assigned to the transitions between the energy levels of
sulfonate anion and/or abn ligand. Compared to the emission of
H2nds$4H2O, the blue-shift of the emission band of 1 is attributed to
both the deprotonation of the H2nds$4H2O and the noncovalent
interactions between nds and host.19 The complexes 2–5 show pho-
toluminescent emissions at 392, 383, 375 and 366 nm respectively
under 330 nm radiation which probably originate from the transi-
tions between the energy levels of the abn ligand (Fig. S5†).20
In summary, we have successfully synthesized and characterized
a novel arenedisulfonate-templated 1D silver ladder, in which the ndsCrystEngComm, 2011, 13, 5661–5665 | 5663





























































View Onlinewas encapsulated in the grid through N–H/O hydrogen bonds and
weak C–H/p interactions. In the presence of small anions, four 2D
wavy 63-hcb nets were obtained. The results prove that the intrinsic
properties and size of the nds have a profound influence upon the
formation of the 1D ladder. Moreover, the photoluminescent prop-
erties of 1–5 were also discussed.
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